The existence of phononic bandgaps is shown in a phononic crystal structure composed of a silicon plate with stubbed tungsten pillars. Using the finite element method for numerical simulations, the evolution of bandgap opening with varying design parameters is studied. Several bandgaps have been observed for different lattice symmetries. It has been shown that bandgaps of up to 40% gap to mid-gap ratio can be achieved for the triangular and square lattice.
Introduction: Phononic crystals (PCs) are synthetic periodic structures that can display interesting properties ranging from sound isolation for metre-scale structures to heat conduction manipulation for sub-micron feature sizes. PC structures can be used to realise miniaturised RF resonators, filters, and waveguides. This flexibility in a mechanical structure as PCs is due to the fact that PCs, if carefully designed, can exhibit phononic (acoustic) stopbands or bandgaps in which no propagating mechanical vibration can exist [1] . Like their optical counterparts (photonic crystals), PCs can also be scaled down in order to adjust the frequency of the phononic bandgap (PBG); hence, broadening its use in the whole spectrum of mechanical waves. Silicon-based PCs are especially interesting due to the well-established silicon (Si) fabrication techniques, widely used in CMOS technology and microelectromechanical systems, and their potential for integration with electronics on a single chip.
Different approaches have been proposed in order to realise PCs including the complete three-dimensional (3D) arrangement of inclusions in a host material [2] , surface acoustic wave (SAW)-based PCs [3] , and inclusions or air holes in a two-dimensional (2D) plate [4, 5] . The fabrication of 3D structures for high frequency applications is challenging owing to the shrinking feature sizes and the loss of mechanical energy in SAW-based devices through coupling to the bulk modes makes this architecture less desirable [3] . As a result, 2D platebased (or membrane-based) PCs have attracted a lot of attention, recently. The advantage of Si-based PC plates include: 1. possessing complete PBG and providing 3D confinement of the acoustic energy, and 2. ease of fabrication using CMOS processes including photolithography and dry/wet etching. While the overall process of fabricating 2D PC plates can be straightforward, the fabrication challenges associated with the high filling fractions encountered in the hole-based 2D PCs can hinder the fabrication process [5] . To avoid the use of hole-based PCs, an alternative PC architecture based on the use of a periodic array of metallic (e.g. aluminium) stubs on a proper plate (e.g. aluminium) has been proposed [6, 7] and experimentally demonstrated [6] . Such stub-based (or pillar-based) structures provide a PBG without stringent etching requirements [6] . The schematic of the pillar-based PCs is shown in Fig. 1a . This structure provides another degree of freedom in designing the PC, i.e. the height of the pillars (h), in addition to the radius of the pillars (r), the slab thickness (d), and the lattice period (a); the geometrical design parameters which are already considered in the conventional (hole-based) 2D PCs. In this Letter, we present a systematic theoretical study of the PC structure composed of an array of cylindrical tungsten (W) pillars deposited over a silicon plate (Fig. 1a) . We focus on the application of the Si/W material system that provides CMOS compatibility. Additionally, Si and W have good mechanical impedance mismatch, which is crucial for opening the PBG. We show the existence of PBG in three different symmetries (square, triangular, honeycomb) and discuss the effect of lattice symmetry on the formation of the PBG. It is shown that the triangular lattice is the favourable symmetry system for the pillar-based structure to provide the widest bandgaps, in contrast to the hole-based 2D PC, which has the largest PBG in the honeycomb lattice [5] . We also show that introducing the fourth parameter (h) into the design space can alleviate the fabrication challenges associated with the high filling fraction observed in the previous PC designs.
Calculation of band diagrams: The numerical method used for the calculation of the PC band structure in our work is based on the 3D finite element method implemented in a COMSOL software environment. The governing equation in our model is:
where c is the stiffness matrix, r is the mass density, and u is the displacement vector. Using the periodic boundary conditions, we can represent a periodic structure with its primitive unit cell and calculate the band structure. For the purpose of this work, we have calculated the phononic band diagram for three different lattice symmetries: square (Fig. 1a) , triangular ( Fig. 2a) and honeycomb (Fig. 3a) . In all of these three structures, the underlying plate is Si and the cylindrical stubs are made of W. The directions of the x, y, and z-axes are aligned with the Si crystalline axes. The values of the stiffness tensor and material density used to calculate the PC band structure for Si are (Fig. 3a) , and its band diagram for a ¼ 1 mm, d ¼ 0.5 mm, r ¼ 0.4 mm and h ¼ 0.4 mm (Fig. 3b) Results: The results of the finite element simulations for a carefully designed set of geometrical parameters are shown in Figs. 1b, 2b , and 3b for the square, triangular, and honeycomb lattice structures, respectively. In these Figures, the lattice spacing is a ¼ 1 mm, the thickness of the Si slab is d ¼ 0.5 mm, and the height and the radius of W pillars are r ¼ h ¼ 0.4 mm. As seen from Figs. 1b and 2b, for the square and the triangular lattices, a wide PBG can be opened around f ¼ 2 GHz. The ratio of the bandgap width (upper edge -lower edge) to the centre frequency of the gap is around 40%. This bandgap to mid-gap ratio is sufficient for almost all practical applications including resonators and filters designed for wireless systems. Fig. 3b shows the band structure of the PC structure with the honeycomb lattice demonstrating the existence of two narrower bandgaps around f ¼ 1.7 GHz (gap to mid-gap ratio 5%) and f ¼ 2.2 GHz (gap to mid-gap ratio 10%) for this lattice. Other narrow bandgaps can also be seen for triangular and honeycomb lattices around 1 GHz and 600 MHz, respectively. Note that given the equal lattice parameter (a) and the pillar radius (r), the filling fraction for the honeycomb lattice is smaller than that of the triangular lattice. As discussed earlier, one feature of the pillar-based PCs is introducing the fourth geometrical parameter (h) to the design space. To investigate further the effect of this parameter in the opening of PBGs, the evolution of band diagrams (aka gap map) for these three lattices was studied. Fig. 4 shows the evolution of the PBG openings as the heights of pillars increase for the three lattice types with a ¼ 1 mm, d ¼ 0.5 mm, and r ¼ 0.4 mm. As seen from Fig. 4 , several PBGs exist for each lattice type. It is also observed that the PBGs are generally wider for the square and triangular lattices. On the other hand, triangular and honeycomb lattice PCs have more gaps than the square lattice in a given frequency range. These results suggest that the triangular lattice outperforms the other two lattice types for the width and the number of gaps opened. From Fig. 4 , it is also obvious that by increasing the W pillar height (h), the centre frequency of the PBGs decreases. This effect shows how this geometrical parameter can be used to accurately engineer a PC for a desired frequency range. (Fig. 4a) Fig. 4b) , triangular (Fig. 4c) , and honeycomb lattice symmetries (Fig. 4d) Conclusion: We have shown that the PCs formed by a Si plate with W pillars could exhibit multiple PBGs for different lattice symmetries. By accurately designing the geometrical parameters, one can achieve PBGs in the gigahertz range that can be easily fabricated for wireless applications. Also, we have shown that the centre frequency of these PBGs can be adjusted by controlling the height of the pillars without changing the lattice spacing. We have additionally shown that the triangular lattice can support a larger number of PBGs with higher gap to mid-gap ratios compared to the square and honeycomb lattices. The fabrication of the proposed structures can be CMOS-compatible and integrated with the conventional electronic chips, leading to greater possibilities in signal processing and RF communications.
